Abstract
Background
According to the Third International Consensus Definitions (Sepsis-3), a diagnosis of septic shock requires a need for vasopressor treatment to maintain mean arterial pressure (MAP) > 65 mmHg and a plasma lactate concentration > 2 mmol/L despite adequate volume resuscitation [1] . The latter takes into account the notion that circulatory shock "represents an imbalance between oxygen supply and oxygen requirements" typically associated with hyperlactatemia, which "reflects abnormal cellular function" [2] . Applying these more rigorous criteria for septic shock could affect the results of treatment comparisons in randomized controlled trials (RCT). Indeed, a recent post hoc analysis of the VASST trial comparing vasopressin and norepinephrine in septic shock [3] demonstrated that their sample size would have decreased by about half using the Sepsis-3 criteria with a higher overall mortality. Notably, day 28 mortality was significantly lower in vasopressin-treated patients with baseline lactate levels ≤ 2 mmol/L, whereas no difference was seen in those patients with lactate > 2 mmol/L [4] .
Our recently published multicenter RCT of "Hyperoxia and Hypertonic Saline in Patients with Septic Shock (HYPER2S)" compared mechanical ventilation either with an inspiratory oxygen concentration of 100% (F i O 2 1.0; "hyperoxia") during the first 24 h and F i O 2 set to target an arterial hemoglobin oxygen saturation of 88-95% ("normoxia") [5] . All patients enrolled had septic shock as characterized by the need of vasopressor support (norepinephrine or epinephrine ≥ 0.1 μg/kg/min) despite 20 mL/kg of crystalloid fluid resuscitation, but without threshold values for lactatemia at inclusion. The trial was stopped prematurely for safety reasons, with a higher mortality at day 28 in the "hyperoxia" group.
Hyperoxia administration in critically ill patients remains controversial. On the one hand, hyperoxia administration was thought to be crucial to compensate the imbalance between oxygen supply and demand [2, 6] , and might be interesting in improving host defense against microbes (increase in phagocytosis and killing rate [7] ) by the effect of the increased formation of reactive oxygen species [8] [9] [10] . On the other hand, there is growing evidence that hyperoxia may be toxic in such situation. The physiological effects of hyperoxia are multiple and are detailed in previous reviews [8, 11, 12] . A U-shaped relationship exists between oxygen arterial pressure during the first 24 h and mortality in ICU [13, 14] . More recently, studies have suggested that a restrictive administration of oxygen could be associated with lower mortality in ICU [15, 16] .
Therefore, we hypothesized that in patients with septic shock and tissue hypoxia due to dysoxia, mirrored by increased arterial lactate, the effects of high oxygen concentration might be detrimental and related to increase the formation of reactive oxygen species.
Using the database of the HYPER2S-trial, we aimed at comparing the effects of hyperoxia on mortality and organ failures in patients with septic shock according to the Sepsis-3 criteria (lactate levels > 2 mmol/L).
Methods
For all participating centers, the study design of the HYPER2S trial was approved by the ethics committee of the Angers University Hospital. Written informed consent was obtained from all patients, their next of kin, or another surrogate decision maker, as appropriate. If patients were unable to provide informed consent and the next of kin or a designated person was not available, the inclusion procedure for emergency situations was applied. Post hoc consent was obtained in these latter patients. The HYPER2S trial was registered with Clinicaltrial.gov (NCT 01722422).
Patient Cohort HYPER2S
We performed a retrospective analysis of data prospectively recorded during the HYPER2S trial. This RCT compared, in a two-by-two factorial design, mechanical ventilation with "hyperoxia" (F i O 2 1.0) versus "normoxia" (F i O 2 set to target an arterial hemoglobin oxygen saturation of 88-95%) during the first 24 h of septic shock, and hypertonic saline versus isotonic saline for fluid resuscitation during the first 72 h of septic shock [5] . Septic shock had been identified by the need for vasopressor support (norepinephrine or epinephrine ≥ 0.1 μg/kg/min) despite 20 mL/kg of crystalloid fluid resuscitation. The trial was stopped prematurely for safety reasons after enrolment of 442 patients (434 analyzable), as both mortality at day 28 (p = 0.12) and mortality at day 90 (p = 0.16) were higher in the hyperoxia-treated patients.
For the present post hoc analysis, we compared mortality rates in the 397 patients in whom lactate levels were available at baseline, representing 91.5% of the total study population. These patients were then subdivided into a Sepsis-3 shock subset (lactate > 2 mmol/L, n = 230 [53.0%]) or those with vasopressor-dependent hypotension only (lactate ≤ 2 mmol/L, n = 167 [38.5%]) [1] (Fig. 1) . There was no significant difference in the distribution of the treatment arms between the two lactate groups (p = 0.110, χ 2 test) (Fig. 1 ).
Statistical analysis
In this post hoc analysis, only patients with available lactates at inclusion were included. Quantitative data were expressed as mean, standard deviation, median and interquartile range (IQR) for parametric and nonparametric distributions, respectively, and were compared using Student's t tests or Wilcoxon rank-sum tests as appropriate. Qualitative variables were compared using χ 2 or Fisher's exact test. Time-to-death was illustrated with Kaplan-Meier survival curves and group comparisons were performed using the log-rank test.
To identify factors associated with survival differences from inclusion to day 28 (primary endpoint) and from inclusion to day 90 as hazard ratios (HRs), Cox regression models were computed in landmark analyses. The assumption of proportional hazards was tested by analyzing Schoenfeld residuals. In the first step, univariate analyses were conducted for every inclusion characteristics variable (including randomization arm) independently of each other. In the second step, multivariate Cox regression models were built using variables with p value < 0.2 in univariate analysis. When some covariates were strongly correlated (i.e., lactate and arterial pH), the most associated with survival was kept in the multivariate model. Since there was missing data for SAPS III (SAPS III was secondarily collected in the HYPER2S trial), SAPS II was chosen for the multivariate analyses. However, SAPS II and SAPS III values were well correlated (data not shown).
Results
Patients with lactate > 2 mmol/L were more likely to have cirrhosis, but less likely to have coronary artery disease and COPD (Additional file 1: Table S1 ). They were also more likely to have undergone surgery, in particular emergency surgery reflecting a much higher contribution of abdominal sepsis as the source of septic shock. They were more hypotensive, albeit nonsignificant, tachycardic, more acidotic and required higher norepinephrine infusion rates (Additional file 1: Table S1 ). Creatinine levels and the PaO 2 /F i O 2 ratio were higher (Additional file 1: Table S1 ). However, the number of patients with ARDS (as defined by a PaO 2 /F i O 2 < 200 mmmHg) and bilirubin were similar in patients with lactate > 2 or ≤ 2 mmol/L. Accordingly, at inclusion, both SAPS II and SOFA scores were significantly higher in patients with baseline lactate > 2 mmol/L (Additional file 1: Table S1 ).
Throughout their ICU stay, patients with baseline lactate > 2 mmol/L needed renal replacement therapy (RRT) twice as frequently as patients with lactate ≤ 2 mmol/L and had fewer days free of vasopressor support and mechanical ventilation (Additional file 2: Table S2 ). Accordingly, daily SOFA scores were higher on days 1, 2, 3, and 5 (Additional file 2: Table S2 ). Patients with baseline lactate > 2 mmol/L had a higher mortality at day 28 (50.4% vs. 24.0%; p < 0.0001) and day 90 (55.2% vs. 30.5%; p < 0.0001) compared to patients with lactate ≤ 2 mmol/L (Additional file 3: Figure S1 ).
Except for sex ratio, no significant differences in baseline variables were seen between "hyperoxia" and "normoxia" groups for patients with lactate > 2 mmol/L (Table 1) . Results were similar in patients with (Table 1) . Despite a lower SOFA score at days 5 and 7 in the patients with lactate > 2 mmol/L treated with hyperoxia, mortality at day 28 tended to be higher in these patients (44.3% vs. 57.4%, p = 0.054) (Fig. 2a) . There was no difference between groups for RRT requirements, nor for the number of RRT, vasopressor support and mechanical ventilation-free days.
In patients with baseline lactate ≤ 2 mmol/L, hyperoxia had no impact on mortality (Fig. 2b) , need for RRT nor days free of RRT or vasopressor support (Table 2) . However, hyperoxia was associated with fewer days free of mechanical ventilation and higher SOFA scores at days 2 and 3 ( Table 2 ). SOFA components are detailed daily in the Additional file 4: Table S3 .
During the ICU stay, infectious events occurred in 69 (17.6%) patients (108 proven infectious events). There were more infectious events in the lactate ≤ 2 mmol/L group when compared to lactate > 2 mmol/L group (24% versus 12.6%, p = 0.003), without difference in the delay between randomization and infectious event. Nosocomial infection's characteristics are presented in Additional file 5: 
Discussion
This post hoc analysis of the HYPER2S trial aimed to assess the impact of the new Sepsis-3 septic shock criteria (vasopressor-dependent hypotension and hyperlactatemia despite adequate fluid resuscitation [1] ) on the number of patients enrolled in the study and their mortality rate, and the effect of hyperoxemia. The Sepsis-3 criteria were fulfilled in 58% of the total study population, with mortality at day 28 being more than double that of the patients with vasopressor-dependent hypotension without a raised lactate level. Hyperoxia was associated with a higher mortality rate in patients fulfilling The Chi-square or Fisher test was used for qualitative data. The quantitative data were compared by t test for the mean comparison, Mann-Whitney test for median comparisons. p values are reported without correction of the α risk despite multiple comparisons, p values are presented for the comparison between "normoxia" and "hyperoxia" treatment in the lactate ≤ 2 mmol/L and lactate > 2 mmol/L groups, respectively. F Fisher, IQR interquartile range, COPD chronic obstructive pulmonary disease, SAPS simplified acute physiological score, SOFA sequential organ failure assessment the Sepsis-3 shock criteria, while this association was not observed in patients with vasopressor-dependent hypotension alone (Additional file 6: Table S5 ). The Sepsis-3 shock criteria were derived using the Surviving Sepsis Campaign database of 18.840 unselected septic patients with organ dysfunction [17] . Patients requiring vasopressors to maintain MAP > 65 mmHg and with persisting hyperlactatemia > 2 mmol/L despite adjudged adequate fluid resuscitation had a 42.3% hospital mortality compared to 30.1% with vasopressor-dependent hypotension alone. Comparable data were seen on retrospective analysis of the VASST study database [4] and the HYPER2S study. These higher mortality rates in the Sepsis-3 shock subset were reflected by the higher illness severity scores at baseline, and the requirement for more organ support therapy. The retrospective analysis of the VASST study [4] revealed a significant outcome benefit from vasopressin only in those patients with vasopressor-dependent hypotension alone. Mortality was identical in patients fulfilling the Sepsis-3 shock criteria.
In this present analysis, we confirm that treatment effect may vary according to the criteria used for defining septic shock. Indeed, hyperoxia had no effect on mortality albeit a longer requirement for mechanical ventilation in vasopressor-dependent hypotensive patients, whereas there was a near-significant increase in mortality (57.4% vs. 44.3% normoxia; p = 0.054) in the Sepsis-3 shock cohort. Hyperlactatemia despite adequate fluid resuscitation is considered to reflect more severe cellular and metabolic abnormalities, and thus places affected patients at higher mortality risk [17] .
There is a growing evidence that hyperoxia may be associated with higher mortality and that conservative For mortality at day 28 and 90, respectively, an analysis in landmark with a log-rank test was used. For survival at day 28 without organ support and/or renal replacement therapy (RRT) a χ 2 test was used. For the number of days without vasopressor therapy, without mechanical ventilation, and without RRT, respectively, a Student's t test was used. ¥ = log-rank test; for mortality at day 28 in patients with a lactate > 2 mmol/L: χ 2 test; d day, h hour strategies may contribute to lower mortality [16, 17] . However, there is no certainty on the implicated pathophysiological mechanisms in oxygen toxicity. Indeed, the disparity in outcomes with hyperoxia only seen in those fulfilling the Sepsis-3 shock criteria suggests an additional toxic impact of oxygen in this more severe subset. Oxygen administration has long been considered a cornerstone in the management of patients with septic shock [9] . Circulatory shock is considered to "represent an imbalance between oxygen supply and oxygen requirements" [2] . While hyperoxia increases tissue oxygen tension, even in shock states with profound reduction of tissue oxygen transport [18] , it can compromise macro-and microcirculatory blood flow [8, 11, 19] . After fluid resuscitation, septic shock generally has a "distributive shock" pattern, where the "main deficit lies in the periphery, …with altered oxygen extraction" [2] . In most cell types, other than erythrocytes, oxygen is crucial for sufficient adenosine triphosphate synthesis via the mitochondrial oxidative phosphorylation, acting as the final electron acceptor in the respiratory chain. Oxygen is also one of the strongest oxidizing agents capable of damaging any biological molecule due to excess production of reactive oxygen species (ROS) [20] . Although ROS can also be generated with hypoxia, ROS formation is directly related to the level of arterial and tissue oxygen tension [21] . It is tempting to speculate that under conditions of profound alterations of cellular oxygen extraction and utilization-perhaps manifest clinically as hyperlactatemia-hyperoxia, with an increase in available oxygen, may lead to excessive ROS formation with subsequent oxidative stress-induced damage. In septic shock, ROS production and damage may be amplified by impaired mitochondrial respiration and depleted antioxidant defenses [22] . Even if this study has several limitations, discussed thereafter, it could be hypothesized that hyperoxia toxicity, with an increased oxidative stress due to ROS formation, may be delayed. This mid-or long-term harmful effect of hyperoxia may explain that most variates are not significantly different between oxygenation groups, except for some major patient-centered outcome variables. Hyperlactatemia may be due to excessive peripheral production or decrease clearance such as in cirrhosis. It was suggested by a reviewer to test our hypothesis without cirrhotic patients, and these additional results support our hypothesis. Some limitations must be underlined in this analysis. First, the HYPER2S trial was stopped prematurely for safety reason. From a strict statistical point of view, mortality difference with hyperoxia in the Sepsis-3 shock cohort was not significant (p = 0.054). However, this is no longer true when results are adjusted on confounders (multivariate analysis). This is likely related to lack of power, as the absolute and relative mortality at day 28 rates increased by 13.1% and 29.6%, respectively, in a sizeable number of patients (264). This suggests a clinical relevance of our results. Second, the post hoc character of the analysis, in a retrospective setting, may have missed some masked imbalance between groups and the frailty of multivariate analysis as well as multiple testing should be taken in account. Therefore, it is wise to consider these results as hypothesis generating, as the study has not the statistical power to conclude on a link between hyperoxia and mortality.
